Abstract-Field profiles, equivalent isotropic radiated power (EIRP), beamwidth, and sidelobe levels of a quasi-optical powercombining grid amplifier structure are obtained using a wholefield electromagnetic analysis of a finite structure. This is efficiently obtained using a mixed spectral-and spatial-domain method-of-moments technique. It is seen that edge effects can have a significant effect on system performance.
Abstract-Field profiles, equivalent isotropic radiated power (EIRP), beamwidth, and sidelobe levels of a quasi-optical powercombining grid amplifier structure are obtained using a wholefield electromagnetic analysis of a finite structure. This is efficiently obtained using a mixed spectral-and spatial-domain method-of-moments technique. It is seen that edge effects can have a significant effect on system performance.
I. INTRODUCTION
O VER THE past decade, great advances have been made in developing quasi-optical power-combining amplifiers and oscillators [1] . These systems combine the power of many active devices in a propagating electromagnetic wave and have transverse and longitudinal dimensions of two or more wavelengths. A typical system is the quasi-optical grid amplifier system, shown in Fig. 1 , where a large number of amplifier unit cells are arranged on a regular array or grid. Here, a horn and lens system excites and concentrates the field on the grid with the object of uniformly illuminating and, thus, driving the devices located at the individual cells. Electromagnetic modeling of this structure is required in its design as the device-circuit-field interaction is particularly strong. It is clearly impractical to use volumetric discretization (as used in FEM codes) to model the entire structure. Instead, a model of a unit cell with appropriate electric and magnetic walls is often used to reduce the region to be modeled to a reasonable size. This has been a successful approach (and will continue to be the starting point in design), yet whole structure modeling is required if nonuniform illumination and edge effects are to be considered. Practical electromagnetic modeling of the entire structure requires that surface discretization, such as used in the method-of-moments (MoM) techniques, be used. This paper presents a culmination of our activities in holistic modeling of grid-type quasi-optical amplifiers using mixed spectral-and spatial-domain MoM techniques and quasi-optical Green's functions. For the first time, polarizers are included in the analysis, along with techniques for determining near-and far-field profiles and equivalent isotropic radiated power (EIRP). This electromagnetic tool is used in optimization of the grid geometry for uniform near-field distribution and maximum EIRP. In [2] , the authors presented a MoM technique for analyzing quasi-optical structures like the Fabry-Perot resonator and, in [3] , they extended it to include finite grid arrays in a lens system. In this paper, polarizers are added, but more importantly, field profiles of the quasi-optical focussed lens system are computed and compared with measurements and utilization of the work in design is demonstrated. A 5 5 and a 10 10 grid array with polarizers are placed in the lens system where the near and far fields are simulated. Results include the formation of the quasi-optical beam from a 5 5 grid array and improving the EIRP, 3-dB beamwidth, and sidelobe levels by extending the outer edges of a 10 10 grid array by . Beam steering from a 3 3 grid array is also investigated.
II. NEAR-FIELD RADIATION
The electromagnetic near and far fields can be computed from the current distribution on the grid array found from the MoM. In all of the results presented in this paper, the current distributions on the grid arrays are computed from the MoM technique presented in [2] and [3] . In the following sections, the formulations for computing the near and far fields are given.
A. Spatial-Domain Formulation
The transverse components of the electric field are written as (1) where is the dyadic Green's function and is the current density. Expressions for the quasi-optical dyadic 0018-9480/99$10.00 © 1999 IEEE Green's functions are found in [2] and [3] . The and components of the electric field is then given by (2) and (3) where the and current density is defined as (4) and (5) The current density given in (4) and (5) is found from the sinusoidal basis functions used with the MoM [2] where is the current distribution computed from the MoM at each basis function having cell subdivisions of and in the -anddirections, respectively. and are the total number ofand -directed currents, respectively.
B. Spectral-Domain Formulation
Since the MoM formulation was formulated using both the spatial and spectral domains in [2] , the formulation for the electric field is also given in the spectral domain. First, the dyadic Green's function is related to the spectral-domain dyadic Green's functions through the inverse Fourier transform (6) where represents the spectral-domain Green's function. The electric-field transverse components are then given by (7) and (8) where (9) and (10) and are the Fourier transforms of (4) and (5) and can be evaluated in closed form.
The near-fields are computed in the spatial domain using (2) and (3) and in the spectral domain using (7) and (8) . The evaluation in the spectral domain is needed for the singularities that occur in the self terms [2] .
III. FAR-FIELD RADIATION
The general form of the far-field radiation for an antenna array in spherical coordinates is given as (11) where is the pattern factor of an individual antenna element and is the array factor. The distance from the origin to the observation point is given by , and represents the free-space wavenumber. In the MoM, the current distribution is computed at each intersection of the cell subdivisions [2] , [3] . The currents may be treated as a continuous array of -and -directed elemental dipoles, resulting in (12) where is a dipole moment computed from the MoM currents as (13) is the current density (ampere per meter) computed from the MoM where or depending on the direction of the current. and are the cell-size subdivisions used in the MoM for the -and -directions, respectively, and is the total number of and currents. The far-field radiation is then given by [4] , [5] 
where or and is the source-observer distance. The source-observer distance is computed from the parallel-ray approximation as follows [6] : (15) The parallel-ray approximation is valid in the far-field region where the source-observer path looks parallel to the origin-observer distance . The spherical coordinate system is shown in Fig. 2 along with the and components. In [3] , the finite grid arrays were analyzed using the MoM using a free-space and a dielectric slab Green's function. In this formulation, polarizers were not considered. The inclusion of polarizers can be accomplished by changing the Green's function from the free-space to the halfspace Green's function [2] . The half-space Green's function incorporates a ground plane, which is used to model the polarizer. An ideal polarizer looks like a ground plane depending on the polarization of the wave, as is shown in Fig. 3 . The moment matrix elements , , , and are then computed using the half-space Green's function, which includes the ground plane that is separated from the grid by a distance of . For the moment matrix elements, the input polarizer looks like a ground plane and the output polarizer looks like air (see Fig. 3 ). The opposite is true for the moment matrix elements and similarly for the and elements. The formulation of the MoM to include polarizers assumes that the polarizers are ideal and are equally spaced from the grid array.
The far-field radiation is then computed from the MoM solution using the half-space Green's function. The pattern factors are the same as in the microstrip case, but with 
IV. SIMULATED AND EXPERIMENTAL RESULTS

A. Electric-Field Profiles
Electric-field profiles of the convex lens system (see Fig. 1 ) were measured using an -band horn as the source located 85 cm from the lens and a small probe on the other side of the lens for receiving the -directed electric field [7] . The convex lenses were made of Rexolite 1422 with a diameter of 45.72 cm, focal length of 58.74 cm, and were spaced at twice the focal length. Fig. 4(a) and (b) shows the normalized electric field along the -plane at (beam waist) and at cm, respectively, at a frequency of 10 GHz. The beam spot size is 11 and 17 cm at and , respectively. Numerical results were obtained using the modal component of the Green's function found in [3] with the current density represented as a point source. The finite permittivity and thickness of the substrate was accounted for by calculating an effective permittivity in the usual way. Fig. 5 shows the field distribution along the -axis at and at 10 GHz. In the following near-and far-field simulations, the grid arrays are placed in the beam waist of this lens system. 
B. Near-Field Radiation
Near-field simulations were performed for 5 5 and 10 10 grid arrays. The unit cells in both arrays were of dimension 15 mm 15 mm containing a cross dipole with the following dimensions: length mm, width mm, and gap mm. In Fig. 6 , a 10 10 grid array (100 unit cells) is shown along with the dimensions and MoM meshing. The grid arrays were centered between two polarizers with a spacing of mm and placed in the focused-lens system. All near-field simulations were performed at a frequency of 10 GHz. The near fields were computed from (1) for a 5 5 grid array and are shown in Fig. 7 for the normalized electric field. This figure shows the formation of the quasi-optical beam in the system starting at the grid surface and propagating away from the grid up to . Each plot in Figs. 7(a)-(h) shows a cross section of along the -axis. Formation of the asymmetrical main beam and first sidelobes can clearly be seen. For these simulations, the sources had equal amplitude and phase although arbitrary generators could have been considered. Similar results were also obtained when using a uniform incident plane wave as the excitation.
To investigate the edge effects of grids, the normalized near fields from the 10 10 grid array, shown in Fig. 6 , were simulated. The results are shown in Fig. 8(a) for the entire array. It is observed that the fields are uniform in the center of the array, but the edges contain higher concentrations of the fields. At the surface of the grid, the magnitude of the field above the conductors closely approximates the currents so the devices at the various unit cells have different currents. Thus, since the fields at the surface of the grid, Fig. 8(a) , are not uniformly distributed, the devices in the individual unit cells experience different current densities. This is clearly an undesirable situation and one of the design objectives is to equalize the current distributions and, in the process, increase the EIRP and reduce sidelobe levels. This can only properly be engineered with a whole array simulation as presented here. Here, we consider modifying the dimensions of the grid at its edges to control properties.
Ideally, a uniform grid would be desired so attempts were made to reduce the radiation on the edges of the grid by extending the edges of the grid. Fig. 8(b) shows the upper quadrant of the 10 10 grid array with no edge extensions and Fig. 8(c) shows the same quadrant, but with the edges extended by . With the extended grid edges, it can be seen that the fields are lower along the edges compared to the grid with no extensions. This will also be shown in the farfield results where the 3-dB beamwidth, EIRP, and sidelobe levels are improved with these grid extensions. It turns out that the extension is near optimum for maximum EIRP. The quarter-wavelength extensions were used in [8] with the aim of preserving unit cell symmetry. The calculations here validate this intuition and illustrate the effect on the local field and current distributions.
C. Far-Field Radiation Patterns
Far-field radiation patterns for the 5 5 and 10 10 grid arrays with polarizers in the focused lens system were also simulated from (14) . These arrays are identical to the ones in the previous section and were also simulated at 10 GHz. Other parameters computed include EIRP and 3-dB beamwidths. Beam steering is also investigated for a 3 3 grid array.
One of the most important figure-of-merits for quasi-optical systems is the EIRP, which is defined as [6] , [9] (18) where is the transmitted antenna power and is the gain of the transmitting antenna. In the results presented here, the EIRP is computed from the maximum radiation intensity given by in (18) using the standard antenna definitions [6] . Fig. 9(a) and (b) shows the normalized electric-field radiation patterns for a 5 5 and 10 10 grid array, respectively. The 5 5 grid array had an EIRP of 1.2 W with a 3-dB beamwidth of 17 and the 10 10 grid array had an EIRP of 17.7 W with a 3-dB beamwidth of 11 . As in the previous section, 1-V delta-gap sources were used in the gap region along the -direction. Note that the components of the field in spherical coordinates is made up of the following field components:
in the principal plane and in the principal plane with both as a function of . As the array size increases, the directivity of the beam also increases along with the number of sidelobes. Adding the grid extensions along the grid array edges, as was done in the previous section for the near fields, had effects on the far-field radiation pattern. The results for the 10 10 grid array is shown in Fig. 10 where the solid line is the grid with no edge extensions and the dotted line is the grid with extensions along the grid edges. It is observed that the grid with the extensions has a better pattern, including lower sidelobe levels and a tighter beam. The extended grid had a 3-dB beamwidth of 9 and an EIRP of 20.5 W, in which both are improvements over the grid without edge extensions. The sidelobe levels are given in Table I where it is observed that the grid with extensions has lower sidelobe levels. Again, the extension was found to be near optimum for sidelobe suppression. To examine the effects of beam steering, a 3 3 grid array was simulated with voltage sources having different phases. For example, each column of the 3 3 grid array had different phases: column-one sources , column-two sources , and column-three sources . The results are shown in Fig. 11 , where the beam produced from the phase variations is directed at 45 .
V. CONCLUSION
This paper presented an approach for the analysis of finite quasi-optical (or spatial) power-combining systems and demonstrated the importance of considering edge effects, including one example of design optimization. The alternative analysis approach is to use symmetry arguments (i.e., assuming infinite periodicity) so that an individual unit cell can be considered with appropriate electric and magnetic walls. This reduces the volume of the structure being considered and FEM codes to be used, but does not permit edge effects and nonuniformities to be modeled. Even with surface discretization approaches, such as in the MoM technique, modeling of the whole structure requires reduction of problem size. The voltage gap excitations used here correspond to lowimpedance ideal sources at the grid crossings. Continuing development is focused on using incident field illuminations. There are two major aspects of the work which was presented here, which makes the analysis of large systems feasible. First was the development of a mixed spectral-and spatial-domain MoM technique, which can use more easily derived dyadic Green's functions. A consequence of this is that the complete Green's function does not need to have a tightly constrained analytic form amenable to spectral-domain formulation. The spectral-domain formulation is required to overcome local singularity problems and, thus, only that part of the Green's function which has local singularities must be in the required form. Secondly, the Green's function used incorporated lenses, polarizers, dielectric layers and the grid itself, thus greatly reducing the surface to be discretized.
The work presented here has broad applicability to the design of grid oscillators [10] - [15] and grid amplifiers [16] - [20] . However, the basic approach can be extended to slot-coupled and patch-coupled quasi-optical antenna arrays and to phasedarray antennas.
